Medulloblastomas are malignant brain tumors that arise by transformation of neural progenitor cells in the cerebellum in children. Treatment-related neurotoxicity has created a critical need to identify signaling molecules that can be targeted therapeutically to maximize tumor growth suppression and minimize collateral neurologic injury. In genetically engineered mice, activation of Sonic Hedgehog (Shh) signaling in neural stem cells in the developing cerebellum induces medulloblastomas. Hepatocyte growth factor (HGF) and its cell surface receptor c-Met are highly expressed in human medulloblastomas, and elevated levels of c-Met and HGF mRNA predict an unfavorable prognosis for patients. HGF is neuroprotective for cerebellar granule cells and promotes growth of human medulloblastoma cells in culture and in murine xenografts. We modeled the ability of HGF to induce medulloblastomas in mice using a version of the RCAS/tv-a system that allows gene transfer to cerebellar neural progenitors during their postnatal expansion phase when these cells are highly susceptible to transformation. Here, we report a high frequency of medulloblastoma formation in mice after postnatal expression of HGF in cooperation with Shh. Some tumors showed neurocytic differentiation similar to that in human nodular medulloblastomas with activated Shh signaling. Systemic administration of a monoclonal antibody against HGF prolonged survival of mice bearing Shh + HGF-induced medulloblastomas by stimulating apoptosis. These findings indicate a role for HGF in medulloblastoma initiation and growth and show efficacy of HGF-targeted therapy in a mouse model of endogenously arising tumors.
Introduction
Medulloblastomas are malignant brain tumors that arise in the cerebellum in children. Aggressive treatment approaches that combine surgery with craniospinal radiation and chemotherapy result in 5-year survival rates exceeding 70%, depending on clinical risk factors such as patient age and postsurgical tumor burden (1, 2) . Despite these encouraging statistics, treatment-related neurotoxicity can cause cognitive impairment, growth retardation, and endocrine dysfunction, as well as psychiatric and behavioral disturbances in long-term survivors. Thus, there is a critical need to enhance treatment specificity by identifying molecular targets that can be exploited to maximize tumor growth suppression and minimize collateral neurologic injury.
The use of genetically engineered mice has provided insights into the molecular pathogenesis of medulloblastoma and exposed promising targets for novel therapies. Several different methods of activating the Sonic Hedgehog (Shh) signaling pathway in neural progenitor cells of the developing cerebellum can induce tumors in mice that closely resemble human medulloblastomas. These methods include (a) targeted deletion of the Patched gene, which encodes the inhibitory receptor for Shh (3), (b) ectopic expression of Shh by retroviral transfer (4, 5) , and (c) transgenic overexpression of Smoothened, a positive effector of Shh signaling (6) . Moreover, pharmacologic inhibition of Shh signaling by an antagonist of Smoothened prolongs survival and promotes regression of medulloblastomas that arise spontaneously in Patched-deficient mice (7) .
Although these findings highlight the importance of Shh signaling in the genesis of medulloblastoma, other molecular signals cooperate with Shh to increase tumor penetrance in mice. These include loss of the p53 tumor suppressor (8) , stimulation of phosphatidylinositol 3-kinase (PI3K) signaling by insulin-like growth factor-II (IGF-II; ref. 9) , ectopic expression of Myc oncoproteins (5, 10) , and suppression of apoptosis by Bcl-2 (11) .
A large body of experimental evidence from studies of mice and humans indicates that activation of cell signaling by hepatocyte growth factor (HGF), also known as scatter factor, promotes tumor growth. HGF is a multifunctional growth factor that drives cell cycle progression, blocks apoptosis, stimulates cell motility, and promotes angiogenesis (reviewed in refs. 12, 13) . Overexpression of HGF in transgenic mice via the metallothionein gene promoter, which is constitutively active in many tissues, induces a diverse spectrum of tumor types (14) . The physiologic effects of HGF are all mediated by its cell surface receptor, the transmembrane tyrosine kinase encoded by the proto-oncogene c-Met (15) . Transgenic mice in which expression of catalytically activated c-Met receptors is driven by the metallothionein promoter develop mammary carcinomas (16, 17) . Mice in which expression of wild-type c-Met is induced specifically in hepatocytes develop carcinomas of the liver (18) . HGF/c-Met signaling is activated in 50% of human solid tumors. 6 HGF and c-Met expression levels correlate with increased malignancy in human gliomas and growth of glioma cell lines can be HGF dependent (19) (20) (21) . Nevertheless, it is not known whether aberrant activation of HGF/c-Met signaling in the nervous system can initiate brain tumor formation.
Both HGF and c-Met are often highly expressed in primary human medulloblastomas, and elevated mRNA levels of these genes predict an unfavorable prognosis for patients (22) . HGF is neuroprotective for cerebellar granule cells, which are derived from cells of medulloblastoma origin (23) , and HGF stimulates proliferation of granule neuron precursors during normal cerebellar development (24) . Furthermore, overexpression of HGF stimulates proliferation of established medulloblastoma cell lines and enhances growth of tumor xenografts in immunodeficient mice (22) . These findings suggested to us that HGF might be a potent growth factor for neural progenitor cells in vivo and that ectopic expression of HGF in the developing cerebellum might initiate medulloblastoma formation or cooperate with Shh to promote tumor growth.
To address this question, we used a version of the RCAS/tv-a somatic cell gene transfer system that enabled us to express HGF and Shh in nestin-expressing neural progenitors in the cerebellum of postnatal mice. This system uses a replication-competent, avian retroviral vector (RCAS), derived from the avian leukosis virus (ALV subgroup A), and a transgenic mouse line (Ntv-a) that produces TV-A (the receptor for ALV-A) under control of the Nestin gene promoter (25) . Nestin is an intermediate filament protein expressed by neuronal and glial progenitors. When mammalian cells are transduced with RCAS vectors, viral replication does not occur. Instead, the RCAS provirus integrates into the host cell genome, and the transferred gene is expressed as a spliced message under control of the constitutive retroviral promoter, long terminal repeat.
We reported previously that ectopic expression of Shh in this cell population is sufficient to initiate medulloblastoma formation in mice (5) . It is likely that the specific cells transformed by Shh hyperstimulation are granule neuron precursors because they comprise the most abundant cell type in the postnatal cerebellum and because they proliferate rapidly in response to physiologic levels of Shh (reviewed in ref. 26) . Here, we report that ectopic expression of HGF significantly enhances Shh-dependent medulloblastoma formation. Moreover, systemic administration of a neutralizing monoclonal antibody directed against HGF prolonged survival in mice bearing Shh + HGF-induced medulloblastomas. Coupled with the prevalence of HGF/c-Met activation in human tumors, these findings suggest that HGF signaling might be a feasible treatment target in medulloblastoma.
Materials and Methods
Vector construction. The RCAS-HGF vector was constructed by ligating a PCR-generated cDNA corresponding to the complete coding sequence of the human HGF gene into the parent retroviral vector RCASBP(A) (27) . To detect expression of the retrovirus-transferred protein, we prepared an epitope-tagged version of RCAS-HGF by appending six repeats of the sequence encoding the human c-Myc epitope (EQKLISEEDL), which is recognized by monoclonal antibody 9E10. Construction and characterization of RCAS-Shh, which has six repeats of the influenza virus hemagglutinin (HA) epitope (YPYDVPDYA), has been described previously (5) . To produce live virus, we transfected plasmid versions of RCAS vectors into immortalized chicken fibroblasts (DF-1 cells) and allowed them to replicate in culture.
In vivo somatic cell transfer in transgenic mice. Production of the Ntv-a transgenic mouse line has been described previously (25) . The mice used in these experiments were mixtures of the following strains: C57BL/6, BALB/C, FVB/N, and CD1. To transfer genes via RCAS vectors, we injected retrovirus packaging cells (DF-1 cells transfected with and producing recombinant RCAS retrovirus) into the lateral cerebellum from an entry point just posterior to the lambdoid suture of the skull (10 5 cells in 1-2 AL of PBS). For experiments in which somatic cell transfer of both HGF and Shh was the goal, the cell pellet was prepared by mixing equal numbers of both retrovirus-producing cells. We injected mice within 72 h after birth because the pool of nestin-positive cells producing ALV-A receptors diminishes progressively afterward. The mice were sacrificed as soon as they showed signs of increased intracranial pressure (indicated by increased head circumference) or debilitation. Asymptomatic mice were sacrificed at the chosen experimental end points. The brains were fixed in formalin, divided into quarters by parallel incisions in the coronal plane, embedded in paraffin, and sectioned for immunohistochemical analysis. We estimated tumor size by tracing tumor circumference from digitized photomicrographs of H&E-stained brain sections and calculated cross-sectional area using Zeiss Axiovision image analysis software.
Immunocytochemistry. To analyze protein expression in tissue sections, we used an immunoperoxidase staining method described previously (5) . Briefly, tissue sections (4 Am) were deparaffinized, rehydrated, and then autoclaved in a citrate-based antigen retrieval solution (Vector Laboratories) for 30 min before application of primary antibody. Immunoreactive staining was visualized using an avidin-biotin complex technique with diaminobenzidine as the chromogenic substrate (reddish brown color) and toluidine blue as a nuclear counterstain. We used the following monoclonal antibodies (and dilutions) from the indicated commercial sources: human c-Myc (9E10; 1:50; Santa Cruz Biotechnology), HA (F7; 1:50; Santa Cruz Biotechnology), 70-kDa neurofilament protein (2F11; 1:100; Dako), hIII tubulin (TuJ1; 1:400; Research Diagnostics), and NeuN (Mab377; 1:100; Chemicon). We used polyclonal antibodies to detect expression of glial fibrillary acidic protein (GFAP; 1:1,000; Dako).
Assays for proliferation, apoptosis, and microvascular density. To measure microvascular density, we visualized blood vessel walls by immunostaining with a polyclonal antibody (1:50) against laminin (SigmaAldrich) and then calculated total vessel area as a percentage of tumor cross-sectional area from digitized photomicrographs.
Reverse transcription-PCR. Cerebella were removed from euthanized mice and frozen immediately in liquid nitrogen. Tissue specimens were homogenized in Trizol, and total RNA was extracted using RNeasy Mini kit (Qiagen) according to the manufacturer's instructions. Reverse transcription-PCR (RT-PCR) was carried out using the SuperScript III One-Step RT-PCR kit (Invitrogen). In brief, cDNA was synthesized from total RNA by reverse transcription and PCR in the presence of oligonucleotide primers specific for human HGF . RT-PCR products corresponding to the constitutively expressed, glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as internal controls for sample variation in mRNA degradation and gel loading.
PCR products were separated by electrophoresis through agarose gels and visualized by UV illumination after immersion in ethidium bromide solution. Primer sequences were 5 ¶-GTTCCATGATACCACACG-3 ¶ and 5 ¶-GATAACTCTCCCCATTGC-3 ¶ for HGF and 5 ¶-GGTGAAGGTCG-GAGTCAACG-3 ¶ and 5 ¶-CAAAGTTGTCATGGATGACC-3 ¶ for GAPDH.
Results
HGF enhances Shh-induced medulloblastoma formation by stimulating proliferation and survival of neural progenitor cells. To investigate the role of HGF in medulloblastoma formation, we used the RCAS/tv-a somatic cell gene transfer Medulloblastoma Growth Enhancement by HGF www.aacrjournals.org system to express HGF and Shh ectopically in the postnatal mouse cerebellum. Animals showing increased head circumference (a sign of internal hydrocephalus) or debilitation were sacrificed and analyzed immediately. All remaining mice were sacrificed for analysis 12 weeks after injection. To assess tumor formation, the brains were dissected, sectioned, and stained with H&E. Medulloblastomas were detected in 16 of 41 mice injected with RCAS-Shh alone (39%), consistent with the known ability of hyperactive Shh signaling to induce medulloblastomas. Tumor incidence increased 2-fold in mice injected with RCAS-Shh and RCAS-HGF in combination (32 of 41 = 78%; P = 0.0003, by m 2 contingency test). No tumors developed in mice that were injected with RCAS-HGF alone.
The tumors arose in the dorsolateral cerebellum at the injection sites (Fig. 1A) . Microscopically, the tumors induced by Shh and Shh + HGF contained regions of densely packed sheets of cells with hyperchromatic nuclei and scant cytoplasm, resembling the classic type of medulloblastoma in humans. Immunoperoxidase staining showed that the tumor cells expressed hIII tubulin and NeuN, markers of early neuronal differentiation, but they did not express neurofilament protein, a marker for terminally differentiated neurons. GFAP expression was present in the abundant glial processes coursing throughout the tumor stroma. Some of the tumors contained microscopic nodules, in which cell density and proliferation (as measured by Ki67 immunostaining) were increased compared with adjacent areas of uniformly distributed tumor cells (Fig. 1B and C) . The cells inside these hyperplastic nodules did not express neuronal markers NeuN, synaptophysin, or hIII tubulin (Fig. 1D) .
Neuronal differentiation in the mouse tumors often occurred in discrete foci, a pattern similar to that seen in human medulloblastomas of the nodular/desmoplastic subtype, which are associated with Hedgehog signaling activity. In some animals, the regions of neuronal differentiation were quite large, similar to those described in another variant called medulloblastoma with extensive nodularity (MBEN; ref. 28 ). The fibrillar neuropil had a streaming quality in these highly differentiated regions and contained clusters and rows of neurocytic cells with round nuclei (Fig. 2A) . In contrast to the hyperplastic nodules or regions showing the classic histologic pattern, the MBEN-like areas had low cell density, little proliferation, and positive immunoreactive staining for neuronal differentiation markers hIII tubulin, synaptophysin, and NeuN (Fig. 2B ). Also present in most tumors were smaller zones of neuronal differentiation associated with cell cycle exit, interspersed between zones containing proliferating, undifferentiated tumor cells (Fig. 2C) .
To verify in vivo expression of genes transferred via RCAS vectors, we showed specific staining of tumor cells with antibodies directed against epitope tags appended to the encoded proteins. Figure 3A shows positive staining for HA-tagged Shh and Myc-tagged HGF in the cytoplasm of tumor cells. The anti-Myc antibody 9E10 showed a higher level of background staining in the cerebellum than the anti-HA antibody F7. To provide additional evidence for in vivo expression of retroviral HGF, we carried out RT-PCR analysis of 15 brain specimens from mice that were injected with RCAS-Shh and RCAS-HGF and sacrificed at the onset of neurologic signs. We used oligonucleotide primers that were complementary to human HGF sequences present in the RCAS vector but not present in endogenous mouse Hgf. Three specimens were excluded from further analysis because a parallel PCR indicated that contaminating DNA was present. A reaction product corresponding to human HGF mRNA was detected in 9 of the remaining 12 specimens, indicating that RCAS-transferred HGF was expressed (Fig. 3B) .
We reported previously that Shh-induced medulloblastoma formation in mice can be enhanced by overexpressing the antiapoptotic protein Bcl-2 (11) or by stimulating PI3K signaling with IGF-II or its downstream effector molecule Akt (9) . We attributed the enhancing effect of Bcl-2 to expansion of Shh-stimulated cells, which might otherwise be eliminated by compensatory activation of intrinsic cell death programs. The growth advantage provided by IGF-II and Akt was derived from the well-known ability of PI3K pathway activation to stimulate both cell cycle progression and cell survival. Because HGF has overlapping positive effects on cell cycle progression and survival in many cell types, we asked whether HGF was enhancing medulloblastoma growth by supplementing Shh-stimulated proliferation or by additionally blocking apoptosis. To address this question, we measured the percentage of tumor cells advancing through the cell cycle by immunostaining tumor-bearing brain sections with an antibody that detects Ki67, a protein expressed during cell cycle phases G 1 -M. Figure 4A shows that the mean proliferation index of Shh-induced medulloblastomas (17%) was greatly enhanced by coexpression of HGF (39%; P < 0.0001). Moreover, the mitogenic effect of HGF was more potent than we reported previously for IGF-II and an activated, transforming allele of Akt (9, 11) .
To assess the effect of RCAS-mediated HGF expression on apoptosis, we carried out immunoperoxidase staining of tumors using an antibody that specifically recognizes the active proteolytic fragment of caspase-3 (cleaved caspase-3). As shown in Fig. 4B , the percentage of cells positive for cleaved caspase-3 (apoptotic index) was lower in medulloblastomas induced by Shh + HGF (0.9%) than in tumors induced by Shh alone (1.4%; P < 0.0001). HGF did not suppress apoptosis, however, to levels we achieved with the potent antiapoptotic protein Bcl-2 (0.3%) or with survival factors IGF-II (0.5%) and Akt (0.5%). Taken together, these results indicate that HGF enhanced the growth of Shh-induced medulloblastomas by coordinately stimulating cell cycle progression and suppressing apoptosis. This function is consistent with the dual role of HGF as mitogen and survival factor.
Systemic administration of a HGF-neutralizing monoclonal antibody prolongs survival in mice with Shh + HGF-induced medulloblastomas. 29) . A monoclonal antibody (L2G7) against recombinant human HGF has been shown to neutralize the ability of HGF to stimulate proliferation, scattering, and survival of cells in culture (30) . Moreover, systemic administration of L2G7 to mice bearing s.c. and i.c. xenografts of human HGF + /c-Met + glioblastomas prolongs survival and promotes tumor regression (30) . Therefore, we examined the effects of L2G7 on medulloblastomas induced by Shh + HGF to confirm the contribution of HGF to tumor growth and to determine the therapeutic efficacy of c-Met pathway inhibitors against medulloblastomas.
To accomplish this, we injected two groups of newborn Ntv-a mice with RCAS-Shh and RCAS-HGF to induce medulloblastomas (60 mice per group). Two weeks later, we treated one group by i.p. injection of L2G7 (2.5 mg/kg twice weekly) and a control group with the same dose of an isotype-matched, nonspecific antibody (5G8). We started treatment 2 weeks after RCAS injection because that was the earliest time point at which we had observed tumors during the 3-month tumor induction experiment described above. The primary experimental end point was survival time during a 4-month observation period. Animals in both groups were monitored daily for signs of hydrocephalus or neurologic impairment (gait ataxia or failure to thrive), at the onset of which they were sacrificed and analyzed immediately. All remaining mice were sacrificed 4 months after the initial RCAS injection. We chose a 4-month observation period for the survival study because we noted previously that brain tumors were present in mice that seemed healthy 3 months after RCAS transfer of Shh + HGF. The number of experimental animals was calculated based on the 78% incidence of Shh + HGF-induced tumor formation that we observed during a 3-month observation period and the assumption that antibody treatment would neutralize the effect of HGF completely.
We used Kaplan-Meier analysis to compare survival times in the two groups. Five mice (three in the L2G7 group and two in the 5G8 group) died from injection-related brain hemorrhage before receiving antibody treatment and were therefore excluded from further analysis. Median survival time was >120 days in the L2G7 group and 73.5 days in the 5G8 control group (P = 0.04, by log-rank test; Fig. 5A ). Uncensored events (death or euthanasia before study closure) occurred in 26 of 57 (46%) of animals in the L2G7 test group and in 35 of 58 (60%) in the 5G8 control group (P = 0.1, by m 2 contingency test). The survival advantage conferred by systemic L2G7 therapy suggests that sustained HGF expression is a driving force in medulloblastoma growth in vivo.
To ascertain that the survival advantage conferred by L2G7 antibody treatment was consequent to HGF blockade rather than off-target effects, we carried out a second survival study of mice injected with RCAS-Shh alone. The experimental protocol was identical to that described above except that the observation time was reduced to 3 months, the time during which the survival curves diverged in the survival analysis of Shh + HGF-induced tumors. Kaplan-Meier analysis showed no difference in survival between mice treated with L2G7 and mice treated with 5G8 (P = 0.5, by log-rank test; Fig. 5B) . Thus, the survival benefit afforded by L2G7 therapy to mice with tumors induced by Shh + HGF most likely results from specific inhibition of retrovirustransduced HGF.
Mechanisms of antitumor activity of anti-HGF antibody L2G7. We carried out a detailed histochemical analysis of the brains from mice treated with L2G7 or 5G8 antibodies in the Shh + HGF survival study ( Table 1 ). The brains were fixed, sectioned, and stained with H&E. Specimens were scored as positive if they contained tumors large enough to show a clear cytologic pattern of medulloblastoma. Tumors were present in 23 of 57 mice in the L2G7 treatment group (40%) and in 34 of 58 mice in the 5G8 control group (59%; P = 0.05, by m 2 contingency test). Among mice that were scored as uncensored events, tumors were histologically verified in 16 of 26 mice in the L2G7 treatment group (62%) and in We estimated tumor size by measuring cross-sectional area from transaxial sections through the cerebellum. As shown in Table 1 , the mean tumor size was 6.5 mm 2 [95% confidence interval (95% CI), 4.3-8.7] in the L2G7 groups and 7.6 mm 2 (95% CI, 3.1-12.1) in the 5G8 control group (P = 0.7, by unpaired t test). The wide range in tumor size might be explained by variation in the site of tumor origin. That is, small tumors adjacent to critical cerebrospinal fluid pathways can cause obstructive hydrocephalus and early neurologic deterioration, whereas tumors arising in the lateral cerebellar hemisphere can grow larger before causing noticeable changes in the neurologic conditions of the animals.
To assess the effect of HGF inhibition on tumor cell proliferation, we carried out quantitative immunostaining for Ki67 in 14 mice from each treatment group. We analyzed all mice scored as uncensored events in the survival study in which tumors were large enough to count cells in at least ten 40Â microscope fields. The proliferation index was equivalent in the two groups (47% for L2G7 compared with 42% for 5G8; P = 0.4, by unpaired t test; Table 1 ). By contrast, cleaved caspase-3 immunostaining showed that the apoptotic index was increased in tumors from mice receiving anti-HGF antibody therapy (2.0%) compared with nonspecific antibody (0.6%; P < 0.0001).
Angiogenesis is a rate-limiting step in the malignant progression of solid tumors. HGF promotes the essential steps in tumor angiogenesis-extracellular matrix degradation; proliferation, survival, and migration of endothelial cells; and tubule formation. To determine whether suppression of angiogenesis contributed to the inhibitory effect of L2G7 on medulloblastoma growth, we measured microvascular density in Shh + HGF-induced medulloblastomas from mice treated with L2G7 or 5G8 (10 specimens per treatment group). We accomplished this by immunostaining for laminin, a glycoprotein that is expressed in the basement membranes of newly formed and mature blood vessels. The mean microvascular density was equivalent in the two groups (7% for L2G7 compared with 6% for 5G8; P = 0.05, by unpaired t test). Taken together, the results of these comparative histochemical studies indicate that the principal mechanism by which L2G7 therapy exerts its antitumor effect is by eliciting an apoptotic death response in tumor cells.
We carried out a similar histochemical analysis of the mice, in which tumors were induced by Shh alone and then treated with L2G7 or 5G8 antibodies (Supplementary Table S1 ). We found no significant effect on tumor size, incidence, proliferation, or apoptosis by anti-HGF antibody treatment, indicating that the antitumor effects of L2G7 are most likely consequent to specific inhibition of HGF/c-Met signaling.
Discussion
Using the RCAS/tv-a gene transfer system, we previously identified proteins belonging to different functional classes that cooperate with Shh to enhance medulloblastoma formation. These enhancing factors include (a) Myc oncoproteins (5, 10), which stimulate proliferation of neural progenitor cells during normal development, (b) Bcl-2, which potently inhibits apoptosis (11) , and (c) IGF-II, which concomitantly stimulates proliferation and blocks apoptosis by activating the PI3K signal transduction pathway (9) . The findings reported here extend our previous work by identifying HGF as another protein that cooperates with Shh to transform neural progenitor cells and thus initiate medulloblastoma formation. The fact that all of these proteins are highly expressed in human medulloblastomas indicates that their tumor-promoting activity in mice accurately reflects the pathogenesis of the human disease. Moreover, these proteins or their downstream signaling molecules can be considered possible targets for therapeutic intervention. The ability of HGF to promote medulloblastoma growth reflects the role of HGF/c-Met signaling during normal cerebellar development. Mouse embryos that are nullizygous for Hgf or c-Met develop lethal defects in the placenta, liver, and skeletal muscles (reviewed in ref. 31) . Mice engineered to carry a hypomorphic c-Met allele that impaired the ability of the encoded receptor to activate mitogen-activated protein kinase signaling were viable, but these mice developed small, abnormally foliated cerebella (24) . In these c-Met signaling mutants, cerebellar hypoplasia resulted from blunting of the normally robust proliferation of granule neuron precursors in early postnatal development. Thus, the enhanced proliferation we observed in Shh + HGF-induced medulloblastomas (Fig. 4A) is a pathologic manifestation of the physiologic role of HGF in stimulating proliferation of neural progenitors during normal cerebellar development. We also observed a strong antiapoptotic effect of HGF in Shh + HGF-induced medulloblastomas. This prosurvival effect is consistent with the neuroprotection afforded by HGF to cerebellar granule neurons in culture, an effect that is mediated by the ability of HGF to activate PI3K signaling (23, 32) .
Previous studies have shown that HGF stimulates human medulloblastoma cell lines to proliferate in culture and enhances colony formation in semisolid medium (22) . Furthermore, forced overexpression of HGF in the well-studied medulloblastoma cell line DAOY enhances growth of both s.c. and i.c. xenografts in athymic mice. A limitation of these xenograft models is that long-term propagation of tumor cells in culture can select for mutations that are not tumor-initiating events in vivo. The findings we report here strengthen and advance the cell culture work because they show that HGF cooperates with Shh to transform cerebellar neuron progenitors and initiate medulloblastoma formation in vivo. The fact that the tumorigenic effect of HGF was observed in immunocompetent mice further increases the extent to which our model system parallels the human disease.
A novel feature of our mouse model of Shh-induced medulloblastoma is that it recapitulates the pathobiology of neuronal differentiation found in human tumors. The nodular/desmoplastic medulloblastoma subtype is characterized by small islands of cells that have stopped proliferating and undergone neuronal differentiation (33) . Mutations that activate Hedgehog signaling, as well as gene expression signatures associated with that pathway, are more common in the nodular/desmoplastic subtype than in the classic subtype (34) . Accurate modeling of such features in mice is clinically relevant because a central therapeutic objective is to force tumor cells to exit the cell cycle and differentiate.
Multiple approaches have been taken to inhibit HGF/c-Met signaling in tumor cells. These include blocking HGF and c-Met with monoclonal antibodies (22, (35) (36) (37) , antagonizing c-Met by truncated HGF peptides (38, 39) or decoy receptors (40) , preventing receptor dimerization with a c-Met Sema domain peptide (41), suppressing expression of HGF and c-Met with ribozymes (42, 43) , and inhibiting c-Met tyrosine kinase activity using small molecules (44) (45) (46) . Our observation that the HGF-neutralizing antibody L2G7 prolongs survival in mice with medulloblastomas induced by Shh + HGF not only validates the tumorigenic effect of HGF but also suggests that HGF might be a feasible treatment target.
Several observations indicate that response to anti-HGF therapy was incomplete, at least under the conditions of these experiments. First, cumulative survival of mice with Shh + HGF-induced tumors continued to fall in the L2G7 treatment group throughout the 4-month observation time. Second, brain tumors were found in censored cases (asymptomatic mice) at the close of the study (6 of 31 mice in the L2G7 group and 8 of 23 in the 5G8 group). Third, L2G7 antibody treatment did not suppress tumor cell proliferation, although it stimulated apoptosis. It is possible that treatment response could be enhanced by increasing the dosage or duration of antibody therapy. Sustained proliferation in the presence of HGF-blocking antibody could also be driven by unchecked Shh stimulation. This possibility suggests that medulloblastoma growth could be suppressed further by combining anti-HGF antibodies with compounds that inhibit Shh/Patched signaling, such as cyclopamine analogues, which have been shown to inhibit medulloblastoma growth in Patched-deficient mice (7) .
The fact that L2G7 treatment induces tumor cell apoptosis but does not block HGF-induced proliferation is consistent with a mechanism whereby tumors that develop in response to Shh + HGF become addicted to a HGF-driven survival pathway, which is not active in Shh-induced tumors. This addiction is unmasked by HGF/ c-Met pathway inhibition as evidenced by the increase in apoptosis in response to L2G7 antibody treatment. We cannot exclude the possibility that L2G7 might induce apoptosis via a mechanism distinct from preventing c-Met activation. Nevertheless, the fact Table S1 ) and from untreated mice (Fig. 4B) argues against this possibility.
The curves shown in Fig. 5A indicate that cumulative survival drops off rapidly during the first 30 days after retroviral transfer of Shh + HGF. It is during this time period that the protective effect of L2G7 seems greatest. This indicates that the efficacy of HGF blockade diminishes with continued exposure to the L2G7 antibody. This phenomenon could be explained by acquisition of secondary genetic mutations that drive tumor growth through ligandindependent mechanisms, such as c-Met activation. In support of this mechanism, somatically acquired mutations that stimulate the tyrosine kinase activity of c-Met are found in various types of human tumors (12) .
Systemic treatment with L2G7, the antibody used in our study, has also been shown to induce regression of human glioblastoma xenografts (U87 cells) implanted intracranially into immunodeficient mice and to prolong survival of tumor-bearing mice (30) . A different monoclonal antibody (AMG 102) was shown to promote regression of s.c. implanted U87 xenografts, and therapeutic response to AMG 102 was enhanced by concurrent chemotherapy (35, 47) . The results that we present here comprise an important advance in neuro-oncology not only because they broaden the spectrum of brain tumor types that respond to anti-HGF therapy but also because they show efficacy in a preclinical mouse model in which invasive tumors arise endogenously.
There is a pressing need to identify novel treatment targets for medulloblastomas, especially for children <3 years of age, for whom the toxic effects of radiation on the developing nervous system are unacceptable. A practical challenge for pediatric oncologists treating malignant brain tumors in infants is to suppress tumor growth during critical stages of neurologic development, after which radiotherapy can be used with less risk of long-term neurocognitive impairment. Currently, preirradiation chemotherapy is used for this purpose, but response rates are low. For example, the Children's Cancer Group reported a 3-year progression-free survival rate of only 22% in children <3 years of age treated with an eight-drug, postsurgical, preirradiation regimen (48) . Numerous agents designed to target HGF or c-Met have recently entered clinical trials for cancer. The ability of anti-HGF monoclonal antibody therapy to prolong survival in our preclinical mouse model suggests that targeting the HGF/c-Met pathway might be a useful adjunct to preirradiation chemotherapy for suppressing medulloblastoma growth in young children. 
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